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Abstract
Although numerous methods have been used to retire roads, new technologies have evolved that can potentially ameliorate

soil damage, lessen the generation of nonpoint source pollution and increase tree productivity on forest roads. In this study we

investigated the effects of three forest road amelioration techniques, subsoiling, recontouring and traditional retirement (control

treatment), on soil bulk density, surface runoff, sediment production, soil moisture and seedling growth. As a point of

comparison, surface runoff, sediment production and soil moisture was also measured on relatively undisturbed forested

reference sites. The recontoured treatment had significantly lower bulk densities, surface runoff and sediment production than

either the subsoiled or control treatments. The relatively undisturbed reference sites had very little runoff and hence, very low

sediment production. Reference sites also had generally lower soil moisture at 0–15 and 15–25 cm than above, within and below

the treatment road sections. Among treatments, few differences were found in soil moisture among treatment:landscape position

combinations. Recontoured and subsoiled treatments had significantly greater white pine diameter growth than control plots.

Yellow-poplar diameter and height growth was greatest for recontoured plots followed by the subsoiled plots and the control

plots. The combination of data indicates that the use of recontouring techniques on forest roads generally leads to lower bulk

densities, less surface runoff and sediment production and greater seedling growth than both traditional and subsoiling road

retirement methods, however, the cost of recontouring is greater than subsoiling or traditional retirement and the preliminary

analysis indicates that subsoiling may represent the most economically viable retirement method.
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1. Introduction

Skidding or yarding on steep terrain requires the

construction of a relatively dense network of forest

roads including skid roads, haul roads and landings.
.
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These forest roads are the largest source of sediment in

forested systems (Ketcheson et al., 1999; Swift, 1988).

Erosion of organic and nutrient rich surface soil and

compaction decreases forest productivity (Pritchett

and Fisher, 1987) and the transport of sediment to

streams and subsequent sedimentation leads to loss of

stream habitat and altered steam hydrology (NCASI,

1999a, 1999b). Over the years the post-harvest

treatment of disturbed soil has improved through

implementation of best management practices (BMPs)

to protect water quality. While BMPs have been

designed for, and proven to be effective at reducing

erosion caused by logging (Arthur et al., 1998), the

soil damage caused by forest roads and landings

remains. As landowners desire to improve or maintain

productivity on managed forest lands, the effect on

productivity from soil damage becomes increasingly

important (Wronski and Murphy, 1994).

The extent of the severe disturbance from ground-

based harvesting systems varies due to slope and

terrain, harvesting machines, methods of designating

skid roads, and harvesting season. Miller and Sirois

(1986) found that a harvest with a ground-based

harvesting system and slopes ranging from 10 to

45% resulted in 3.5% of the area occupied by haul

roads, 6.4% in landings, and 21.4% in skid roads.

Kochenderfer (1977) and Stuart and Carr (1991)

estimated that constructed or bladed skid roads

occupied about 10% of the harvest area on similar

terrain.

Soil damage on forest roads and landings includes

the removal of the organic layer and topsoil, soil

compaction, and erosion of the exposed soil. The soil

damage affects hillslope infiltration and surface and

subsurface flows. If significant, the resulting erosion

could be a major source of nutrient loss following the

harvest (Binkley, 1986). The tree growth effects

resulting from soil damage from machine traffic and

construction have varied with respect to soil type

(Smith and Wass, 1984), tree species (Froehlich et al.,

1986; Smith and Wass, 1980), and severity of damage

(Moehring and Rawls, 1970; Froehlich, 1979).

Predicting long-term loss of productivity is consider-

ably more complex than predicting growth losses in

the compacted area since trees adjacent to the

compacted area may grow slower (Smith and Wass,

1979) or grow similarly or faster (Wert and Thomas,

1981; Pfister, 1969) than trees in an undisturbed area.
Tree volume in skid roads has been estimated to be as

much as 80% less than volume in undisturbed areas

(Carr, 1987). Over the entire harvest area growth

reductions of 11.8% (Wert and Thomas, 1981) and 12–

15% (Smith and Wass, 1979) have been estimated.

Natural recovery of soil properties, especially bulk

density and infiltration, is usually slow and relies on

wetting and drying, frost activity, animal activity, and

root growth. Subsoil bulk density in skid roads had not

recovered to undisturbed levels in 23 years in central

Idaho (Froelich et al., 1985) and 32 years in Oregon

(Wert and Thomas, 1981). In the Virginia coastal

plain, Hatchell et al. (1970) indicated that bulk density

recovered to pre-logging levels after 18 years. Shorter

recovery periods have been observed for surface

horizons (Froelich et al., 1985; Mace, 1971; Thorud

and Frissell, 1976; Wert and Thomas, 1981) and for

secondary or lower use skid roads (Hatchell et al.,

1970; Mace, 1971; Reisinger et al., 1992).

BMPs for severely disturbed areas include seeding,

fertilizing, and liming to ensure establishment of the

cover crop, diversion of surface water from exposed

mineral soil, and restriction of traffic following the

harvest (Stringer et al., 1997). While effective at

reducing long-term water pollution, none of these

strategies specifically address recovery of soil proper-

ties, site productivity, or normal hillslope hydrology.

The combinations of practices designed specifi-

cally for amelioration of soil properties and fertility

have included tillage, mulching, and fertilization.

Although designed for reducing erosion, the establish-

ment of a cover crop and fertilizing may have

contributed to faster bulk density recovery (Reisinger

et al., 1992, 1988). Reisinger et al. (1988) suggests that

the most effective amelioration techniques for seed-

ling growth included a combination of tillage and

fertilization, practices commonly used in intensive

forest management throughout the world. To increase

infiltration in areas with deep compaction, subsoil

ripping was shown to be effective (Luce, 1997).

Moll (1996) outlines procedures including different

kinds of tillage and partial and complete recontouring

for obliteration of low-volume forest roads. Andrus

and Froehlich (1983) and Lawrie et al. (1996)

estimated that a 200 hp tractor with a winged subsoiler

could treat from 0.28 to 0.36 ha h�1, respectively. To

justify the cost associated with this practice, the

increase in timber production would have to yield an
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increase in the net present value equal to or greater

than the cost of the practice. Using growth simulators

(Stewart et al., 1988) projected that changes in harvest

planning or amelioration treatments could be justified

by increases in long-term timber value. Since post-

harvest treatment of severely disturbed areas (skid-

roads, landings and haul roads) is already required by

BMPs, it may be possible that an amelioration

treatment could partially or completely replace current

BMPs and reduce the direct cost of tillage.

While current recommendations to minimize the

aerial extent of disturbance represents the best

available information (Martin, 1988), they are not

precise enough for the more sophisticated questions.

Weighing total costs and benefits of harvest design,

harvesting systems, and amelioration techniques will

require more specific information. The objective of

this study is to investigate the effects of ameliora-

tion techniques on forest roads on steep side slopes

(>30%) to examine effects on soil bulk density,

surface runoff, sediment transport, soil water and

seedling growth. Based on the seedling growth and

cost data collected during treatment installation we

also estimate treatment profitability and develop

recommendations for forest road retirement.
2. Sites and methods

Three sections of forest roads were chosen that

have approximately a 10% grade on hillslopes ranging

from 30 to 40%. The three roads are located in

northeast Kentucky, two on the Daniel Boone National

Forest near Morehead, KY (Road Branch and Moore

Branch sites) and a third site located on industry

timberland owned by Mead Paper and Pulp Company

(now MeadWestvaco Corporation) near Vanceburg,

KY (Mead Site). All road sections are on similar north

facing aspects and are composed of gravelly to very

gravelly silt loam soils. Roads were previously

constructed in a typical cut and fill manner and

tended to be outsloped. In the spring of 2000, each

road section was installed with three randomly

selected duplicate treatments. The treatments included

(1) cover crops only (traditional retirement method

considered in this study as the control treatment), (2)

subsoiling and cover crops, and (3) recontouring and

cover crops. The first treatment, cover crops only, is
the current BMP used to retire forest roads in many

states. A relatively undisturbed hillslope site at a

similar landscape position as the road section was also

instrumented near to each experimental road section

and is considered as the reference condition for

soil moisture, surface runoff volume and sediment

production measurements. Reference sites were

located in mature forests that had not been recently

disturbed by harvesting or road building. A 200 m

long road section was selected at each site and divided

into six 25 m treatment plots. Each treatment plot was

separated by 5 m buffers. Treatments were replicated

twice and randomly assigned to plots. The subsoil

treatment was applied using a winged subsoiler

developed at Oregon State University for forest road

retirement (Andrus and Froehlich, 1983). Recon-

toured treatments were installed with a tracked

backhoe and original contours were recreated. Fill

material for the contoured treatment was the fill that

was cast downslope from the original road building.

No new fill was needed. Time and cost data were also

collected during the installation of the treatments

(Smidt and Kolka, 2001).

Soil bulk density was measured at nine random

points in each plot shortly after installation and again 2

years post-installation. Soil bulk density is a whole

soil density from 0 to 10 cm soil depth using the

excavation method and expanding foam (Page-

Dumroese et al., 1999). Soil moisture was measured

with time domain reflectometry probes (TDR) at 0–15

and 15–25 cm soil depths. Sets of TDR probes were

installed 3 m above, 3 m below and in the center of one

treatment plot of each treatment at each site. TDR

probes were installed at a similar location at each

reference site. Soil moisture was measured on a

monthly basis for 1 year after treatment installation.

Surface runoff diversion plots (�8 m2) were also

installed on one duplicate of each road treatment at

each site and on each reference site. To ensure

that surface runoff was independent of slope,

surface runoff diversion plots were constructed and

graded to 2–3% slope. Surface runoff was measured

for volume and analyzed for sediment concentration.

Water was diverted by gardeners edging into 110 l

polyvinyl collection bags that were sampled on a

monthly basis for 1 year after treatment installation. A

single precipitation collector was centrally located

at each site.
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Twenty 1-0 yellow-poplar (Liriodendron tulipifera

L.) and 2-0 eastern white pine (Pinus strobus L.) bare

root seedlings were planted in each treatment during

the spring of 2000. Seedling height and diameter at

10 cm was measured at planting and at the end of the

second growing season. No seedlings were planted in

the reference sites. Soil fertility analysis was

completed prior to planting and sites low in fertility

(Road and Moore Branch) were fertilized with N, P

and K to offset any initial fertility differences among

sites.

All measurements were statistically analyzed

through analysis of variance for a completed

randomized block design. Two-way ANOVAs indi-

cated significant interactions among sites and treat-

ments for many of our comparisons. Tukey’s multiple

comparison method was used to test for all pairwise

combinations with significance assumed to occur at P

< 0.05.
3. Results

3.1. Soil bulk density

Soil bulk density measured shortly after plot

installation indicated variation by site and by

treatment (Fig. 1). The Mead site tended to have

the lowest whole soil bulk density with the Road

Branch and Moore Branch sites having similar

densities (data not shown). No sites had significant

changes in bulk density from 2000 to 2001. Particle

size analysis indicated that the Mead site classified as a

gravelly silt loam whereas the other two sites classified
Fig. 1. Soil bulk density results for 2000 and 2001 by treatment. For

treatments – C: control, S: subsoil, and R: recontour.
as very gravelly silt loams. The increase rock fragment

was likely the cause of higher whole soil bulk densities

on the Road and Moore Branch sites. The recontouring

treatment had significantly lower bulk densities than

either the subsoiling treatment or control, which were

similar (Fig. 1).

3.2. Surface runoff volume

Because of variation in incident precipitation

among sites (Road Branch 87 cm, Moore Branch

88 cm and Mead 100 cm of total precipitation over the

course of the study), runoff volumes were standar-

dized by dividing the runoff volume by the incident

precipitation volume, resulting in a runoff percentage

(Fig. 2). Like soil bulk density, surface runoff volume

varied by site and by treatment. Surface runoff volume

was greatest at the Mead site followed by the Moore

and Road Branch sites, which were similar (data not

shown). The control and subsoil treatment had similar

runoff percentages with the recontour treatment

having significantly lower runoff than the subsoil

treatment. The relatively undisturbed reference sites

had significantly lower runoff than any of the

treatments (Fig. 2).

3.3. Sediment production

To standardize sediment production among sites

because of varying precipitation rates, production was

calculated per cm of incident precipitation (Fig. 3).

Sediment production also varied by site and by

treatment, with relationships following closely with

surface runoff volume. The Mead site produced the

greatest amount of sediment followed by the Moore

and Road Branch sites, which were similar (data not

shown). The control and subsoil treatments had

similar sediment production with the recontour

treatment having significantly lower sediment produc-

tion (Fig. 3). The reference sites had very little runoff

and significantly less sediment production than the

treatments.

3.4. Soil moisture

Soil moisture at both 0–15 and 15–25 cm was

significantly higher at the Mead and Road Branch sites

than at the Moore Branch site (data not shown).
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Fig. 2. Runoff volume as a percentage of incident precipitation by treatment. For treatments – C: control, S: subsoil, R: recontour, and Ref.:

reference sites.
Reference areas had significantly lower soil moisture

than treatments across all sites (data not shown). Soil

moisture at 15–25 cm was also significantly higher

than soil moisture at 0–15 cm across sites (data not

shown). While soil moisture varied by site, treatment,

depth and landscape position, few differences were

found among treatment:landscape position combina-

tions (Fig. 4). No differences were found at 15–25 cm

soil depth when comparing similar positions in

relation to the road. At 0–15 cm soil depth, soil

moisture below recontoured plots was significantly

greater than those on reference plots and above the

control plots. Soil moisture at 0–15 cm soil depth

tended to be greater within the road on control and

subsoiled plots whereas on recontoured plots soil

moisture tended to increase from the road to the below

road locations.

3.5. Seedling growth

Although survival was 95% or greater on all the

treatment plots, deer browsing was a problem for

eastern white pine seedlings at the Moore Branch and
Fig. 3. Sediment production as function of incident precipitation by treatm

per cm of incident precipitation. For treatments – C: control, S: subsoil,
Road Branch sites. Deer browsing on eastern white

pine terminal buds was very evident during both our

first and second year diameter and height measure-

ments. As a result, height growth varied by site but not

by treatment with negative growth occurring at the

Moore Branch site (data not shown). Despite the deer

browsing, eastern white pine diameter growth did vary

by treatment (Fig. 5). Recontour and subsoil treat-

ments had significantly greater diameter growth than

control plots. Yellow-poplar were much less suscep-

tible to deer browsing. Yellow-poplar diameter and

height growth varied by site and by treatment. The

Mead site had significantly greater growth than both

Road Branch and Moore Branch sites (data not

shown). Road Branch also had significantly greater

growth than the Moore Branch site (data not shown).

Yellow-poplar diameter and height growth was

greatest for recontoured plots followed by the

subsoiled plots and the control plots (Fig. 6). Both

height and diameter for yellow-poplar follow similar

trends with increases of 130% for recontour versus

control, 75% for subsoil versus control and 30% for

recontour versus subsoil.
ent. The units are amount the amount of sediment produced (g m�2)

R: recontour, and Ref.: reference sites.
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Fig. 4. Volumetric soil moisture comparison among treatments and landscape position at (A) 0–15 cm and (B) 15–25 cm. For treatments – C:

control, S: subsoil, R: recontour, and Ref.: reference sites. For landscape position – A: above road, M: middle of road, B: below road.
4. Discussion

Treatment effects indicate that recontouring pro-

duces lower density soils that produce less runoff and

sediment than subsoiling or traditional retirement

methods (control treatment) (Figs. 1–3). Surprisingly

we found no differences in soil bulk density, surface

runoff and sediment production between subsoiling

and the control treatment. During subsoiling it does

not appear that the soil surface density or porosity is

dramatically affected. However, Heninger et al. (2002)

found that subsoiling did significantly decrease bulk

density on skid trails at 0–40 cm depth in Oregon. In

this study we only measured surface bulk density (0–

10 cm), not subsurface soil bulk density and our bulk

density was a whole soil density, not fine soil bulk

density as in the Heninger et al. (2002) study. We are

not surprised by our surface bulk density results

because of the way the winged subsoiler tills the soil.

The winged subsoiler essentially lifts the soil in place

and drops it back down with little surface disturbance.
It is quite conceivable that subsoil densities may have

decreased without affecting surface densities.

Few studies have reported surface runoff from

forest roads. Studies on the lower coastal plain of

North Carolina report 6–19% of incident precipitation

occurring as surface runoff (Appelboom et al., 2002).

Lower runoff percentages are associated with graveled

roads with grassed buffer strips along the downslope

road edge, whereas higher percentages are associated

with no gravel or grassed strip. Studies in tropical

rainforests in Indonesia indicate 62–72% of incident

precipitation leads to surface runoff on recently

constructed skid roads, however, harvested areas only

had 0.20–0.35% of incident precipitation occurring as

surface runoff (Hartanto et al., 2003). While compar-

isons are difficult because of the varying climate,

slope, soils and treatments in our study, our reference

condition led to similar runoff percentages as

harvested areas in Indonesia, and our treatment runoff

percentages (4–9%; Fig. 2) are near the range of those

found in North Carolina (Appelboom et al., 2002).
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Fig. 5. Two year diameter (A) and height growth (B) for eastern white pine by treatment. For treatments – C: control, S: subsoil, and

R: recontour.

Fig. 6. Two year diameter (A) and height growth (B) for yellow-poplar by treatment. For treatments – C: control, S: subsoil, and R: recontour.
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A number of studies have reported sediment

production from various types of forest roads and

retirement techniques. The North Carolina study cited

above reported 0.08–0.8 g m�2 cm�1 with graveled

and grassed stripped roads on the low end of the results

and no gravel, no grass strips on the high end of the

results (Appelboom et al., 2002). The Indonesian

study discussed above reported 21–115 g m�2 cm�1

on recently developed skid roads, while only 0.004–

0.020 g m�2 cm�1 on harvested plots (Hartanto et al.,

2003). Studies in eucalyptus forests in Australia

indicate that time since skid road retirement plays and

important role in sediment transport. Recently retired

skid roads produced 20–96 g m�2 cm�1 of sediment

whereas those retired for 5 years only produced 0.5–

8.4 g m�2 cm�1 (Croke et al., 2001). Other studies in

eucalyptus forests in Australia indicate that 31–

56 g m�2 cm�1 of sediment are produced from skid

roads depending on the level of use, maintenance, and

the amount of gravel used (Grayson et al., 1993). A

study in Alabama assessed the influence of revegetat-

ing forest roads with native grasses, exotic grasses and

the use of erosion mats on sediment production

(Grace, 2002). Unvegetated controls produced

27 g m�2 cm�1, followed by 11 g m�2 cm�1 for

native species, 8.0 g m�2 cm�1 for erosion mats and

4.5 g m�2 cm�1 for exotic species. Earlier research in

the southern Appalachian Mountains of North

Carolina determined forest roads covered in large

stone decreases sediment production when compared

to retirement with grass or bare soil (�5 g m�2 cm�1

versus 65 g m�2 cm�1 versus 120 g m�2 cm�1,

respectively; Swift, 1988). As for surface runoff,

few of these studies compare well with our study

because of variation in climate, landscape and

treatment types. Our sediment production averaged

from a low of nearly zero on our reference sites to

2 g m�2 cm�1 on our subsoiled sites. In general our

sediment production rates are lower than those found

in the literature probably as a result of the seeded grass

cover that quickly established on our treatments. Also,

at least for the recontoured treatment, the treatment

itself led to lower surface runoff and sediment

production. No studies that we are aware of have

investigated surface runoff or sediment production on

forest roads that have been subsoiled or recontoured.

Although there were few differences in soil

moisture among treatments, the trends indicate that
more soil moisture was held within road sections

on the traditional retirement (control) and subsoiled

treatments whereas recontoured sites had greater

soil moisture below the road than within the road

(Fig. 4). Lower soil moisture held in the road section

of the recontoured and reference plots also likely

led to the lower surface runoff observed when

compared to the traditional retirement and subsoiled

treatments.

Seedling growth for eastern white pine is difficult

to interpret as a result of animal browsing. Yellow-

poplar was rarely browsed and provides a better

comparison for site and treatment effects. Among

treatments, it is clear that recontouring provides the

greatest productivity in the first 2 years of seedling

growth. Yellow-poplar diameter and height growth in

the recontoured treatment are more than double that

observed on the traditional retirement treatment.

Subsoiling also provides some productivity benefits

over the traditional retirement method (control plots)

with diameter and height growth about 1.5 times that

of the control treatment. Although a number of studies

have assessed the productivity of forest roads

including using a number of amelioration techniques

such as disking, bedding, raking, mulching, fertiliza-

tion and organic amendments (e.g., Reisinger et al.,

1992; Scheerer et al., 1994; Bulmer, 2000), we are

only aware of two studies that have assessed

productivity gains from subsoiling and only one study

that has investigated recontouring the hillslope.

Although not conducted on forest roads, subsoiling

was used to ameliorate compacted forest soils in

Arkansas and Oklahoma with loblolly pine (Pinus

taeda L.) mean height growth approximately 0.5 m

greater in subsoiled areas than control (no tillage)

areas 19 years after planting (Fallis and Duzan, 1994).

Studies in Oregon grouped two types of tillage into a

single analysis (Heninger et al., 2002). Investigators

studied eight locations for Douglas-fir (Pseudotsuga

menzieii (Mirb.) Franco) growth where seven sites

were tilled with rock ripping tines while the eighth site

was tilled with the winged subsoiler. After 10 years,

height was 11% greater and volume was 34% greater

on tilled sites than on non-tilled sites. Height and

volume of Douglas-fir on tilled sites was similar to

logged only sites (Heninger et al., 2002). Dykstra and

Curran (2000) studied growth on recontoured hill-

slopes in southeast British Columbia but had no
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traditionally retired, compacted treatment. They

assessed 3–9 year growth at 10 sites on specific

locations across the previous road prism and found

that volume and height growth was generally less in

the former midroad and inner track sections than on

the former berm or in undisturbed forest. Dykstra and

Curran (2000) attribute these growth differences to the

underlying compacted road that still remains after

recontouring and recommend ‘‘decompacting’’ skid

trails prior to recontouring.

It is apparent from the combination of data in this

study that recontouring to ameliorate forest roads

leads to both lower surface runoff and sediment

production, initial higher productivity, and different

soil moisture gradients than subsoiling or traditional

retirement methods. However, previous cost analyses

indicate that recontouring (�$3000 ha�1 of treated

area) is 4–6 times more expensive than either

subsoiling (�$600–800 ha�1) or traditional retirement

methods (�$550 ha�1) for high gradient slopes in

Kentucky (Shouse et al., 2001; Smidt and Kolka,

2001). The results of this study lead to some critical

questions regarding the value of the increased

productivity and the environmental benefits of

recontouring. From a productivity perspective, does

the increase in productivity resulting from both

subsoiling and recontouring justify the extra costs

associated with these amelioration techniques? Using

a 4% discount rate (Pelkki and Arthaud, 1998)

reported that an increase in site index (base age 50)

from 27 to 30 m increased soil expectation value

(SEV) of optimal rotations from $165 to $235 ha�1

over a range in stand quality and product value. The

change in SEV resulting from a 22% increase in site

index equals or exceeds the difference in cost between

subsoiling and traditional retirement. Given the early

growth results from the treatments that magnitude

difference is possible. On the other hand it is difficult

to imagine a scenario where SEVs increase enough to

cover the additional cost of recontouring. Even if

recontouring leads to a 45% boost in site index, SEV

increased less than $380 ha�1 (Pelkki and Arthaud,

1998).

Subsoiling is likely the preferred economic choice

since the return is likely to exceed the hurdle rate. The

traditional retirement cost is a sunk cost of harvesting

paid out of stumpage so no return on investment is

applied. The unknown value remains the value of
decreased surface runoff, decreased sediment produc-

tion and the recovery of soil bulk density and hillslope

water relations. If those environmental benefits are

worth a minimum of $2200 ha�1, the preferred choice

may be recontouring.
5. Conclusions

Since BMPs directly address the potential off-site

impacts of forest disturbance, often these practices

may have little effect on the land managers primary

consideration, stewardship of their forest land. This

study begins to address important questions managers

must answer to make effective harvest planning and

amelioration decisions including ‘‘what are the

environmental and economic consequences of various

forest road amelioration techniques’’ and, ‘‘does the

potential long-term loss of productivity justify

management and harvesting alternatives that; (a)

use harvest planning to minimize extent of severe

disturbance while using ground-based harvesting

systems, (b) change, if feasible, to aerial harvesting

systems with lower road densities, and/or (c)

ameliorate soil damage through specific methods that

are likely to be cost effective?’’ Based on the results

from this study, it is apparent that only recontouring

provides environmental benefits when compared to

subsoiling and traditional retirement methods, how-

ever, like recontouring, subsoiling also leads to gains

in forest productivity and provides the greatest

economic return if environmental benefits are not

considered.
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